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ARTICLE INFO ABSTRACT 


One of the first lines of defence against viral infection is the innate immune response and 
the induction of antiviral type I interferons (IFNs). However some viruses, including the 
group 2 coronaviruses, have evolved mechanisms to overcome or circumvent the host 
antiviral response. Canine respiratory coronavirus (CRCoV) has previously been shown to 
have a widespread international presence and has been implicated in outbreaks of canine 
infectious respiratory disease (CIRD). This study aimed to quantify pro-inflammatory 
cytokine mRNAs following infection of canine air-interface tracheal cultures with CRCoV. 
Within this system, immunohistochemistry identified ciliated epithelial and goblet cells as 
positive for CRCoV, identical to naturally infected cases, thus the data obtained would be 
fully transferable to the situation in vivo. An assay of ciliary function was used to assess 
potential effects of CRCoV on the mucociliary system. CRCoV was shown to reduce the 
mRNA levels of the pro-inflammatory cytokines TNF-a and IL-6 and the chemokine IL-8 
during the 72h post-inoculation. The mechanism for this is unknown, however the 
suppression of a key antiviral strategy during a period of physiologic and immunological 
stress, such as on entry to a kennel, could potentially predispose a dog to further 
pathogenic challenge and the development of respiratory disease. 

© 2008 Elsevier B.V. All rights reserved. 
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pathogenesis of the infection and the possible role of the 
virus in the canine infectious respiratory disease (CIRD) 


1. Introduction 


Canine respiratory coronavirus (CRCoV) has recently 
been identified in the respiratory tract of dogs (Erles et al., 
2003). CRCoV is a group 2 coronavirus and is genetically 
most closely related to bovine coronavirus (BCoV). The 
virus appears to be particularly prevalent in housed 
populations and within 3 weeks of entry to a kennel, dogs 
develop antibodies to the virus (Erles et al., 2003). 
Serological evidence of the virus exists in three continents 
(Decaro et al., 2007; Kaneshima et al., 2006; Priestnall 
et al., 2006, 2007), however little is known regarding the 
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complex. 

To gain further insight into the pathogenesis of CRCoV 
an infection model is required. Whilst in vivo models 
provide the optimum research tool for viral pathogenesis 
studies, they are not always feasible or necessary. The ideal 
in vitro model for the study of host-pathogen interactions 
in the respiratory system would resemble, as closely as 
possible, the physiologic conditions in vivo. 

Traditionally, organ cultures involving respiratory 
tissues have been submerged in medium and thus lacked 
the air-mucosal interface present in vivo. Jackson et al. 
pioneered the development of respiratory organ cultures 
with an air-interface using human nasal turbinates 
(Jackson et al., 1996). Such cultures have a number of 
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advantages over submerged culture systems including; the 
presence of all cell types, intact mucociliary clearance and 
the interaction of the pathogen with the mucus layer and 
ciliated surface as in vivo. 

Using an air-interface system for the culture of 
turbinate mucosa to model rhinovirus infection, Jang 
et al. demonstrated that after 7 days of culture the 
mucosae did not show significant deterioration whilst PCR 
evidence of rhinoviral infection was recorded (Jang et al., 
2005). The authors concluded that such a culture system 
provided a safe, reliable and physiologically relevant in 
vitro model for the study of the actions of viruses on the 
respiratory mucosa. 

Structural damage to the respiratory epithelium and 
abnormal ciliary function are the visible signs of viral 
infection. However, during airway inflammation, cytokines 
present at inflammatory sites can be key components in 
disturbance of the epithelium and persistence of inflam- 
matory reactions. Cytokines can directly or indirectly alter 
the mucociliary apparatus by affecting ciliary beating or 
mucus secretion, predisposing to further and more serious 
viral or bacterial infection. 

The primary line of defence against viral infection 
requires IFN-B production in virus-infected cells, followed 
by establishment of antiviral functions through activation 
of the IFN-JAK/STAT signal transduction pathway (Oka- 
bayashi et al., 2006). Respiratory epithelial cells also have 
the ability to synthesize and release pro-inflammatory 
cytokines, e.g. IL-1, IL-6 and TNF-a and chemokines, e.g. 
IL-8 following viral infection (Adachi et al., 1997; Adler 
et al., 1994; Becker et al., 1993; Brydon et al., 2005). 

Viral infection and pro-inflammatory cytokine produc- 
tion stimulate the infiltration of inflammatory cells to the 
respiratory epithelium. The induction of epithelial che- 
mokines, e.g. IL-8 may also be a primary event triggering 
increased airway reactivity in acute viral infection 
(Kazachkov et al., 2002). Production of TNF-a or IL-1 
during virus infection may occur either directly or 
indirectly, for example as a result of cellular damage or 
via induction of other cytokines. TNF-a has been shown to 
stimulate mucus glycoprotein secretion by airway epithe- 
lial cells within 1 h of exposure (Adler et al., 1994). TNF-a, 
IL-1, IL-6 and IL-8 can also affect ciliary beat frequency 
indirectly through the increased synthesis of endothelin by 
tracheal epithelial cells (Adler et al., 1994). Quantitative 
PCR has previously been used to demonstrate significantly 
increased transcription of IL-6, TNF-a and a number of 
other pro-inflammatory and immunomodulatory cyto- 
kines/chemokines in epithelium infected with feline 
herpesvirus type-1 (FHV-1), suggesting a _ previously 
unknown role for FHV-1 in feline chronic nasal discharge 
(Johnson and Maggs, 2005). 

This study aimed to examine the innate immune 
response and ciliary function of the canine tracheal 
epithelium following infection with CRCoV. An in vitro 
model system using canine air-interface tracheal cultures 
was developed for this purpose. CRCoV-infected cells were 
demonstrated using immunohistochemistry and the func- 
tional consequences of CRCoV infection were assessed by 
quantification of cytokine mRNAs and measurement of 
ciliary function. 


2. Materials and methods 
2.1. Tracheal cultures 


2.1.1. Tissue collection 

Dogs were received from a UK re-homing centre having 
been euthanized due to behavioural concerns and unsuit- 
ability to re-home. The whole trachea, from larynx to 
Carina, was aseptically removed at necropsy within 2-3 h 
of death. The trachea was washed briefly in sterile 
PBS, then washed twice for 1h at 37°C in Dulbecco’s 
modified Eagle’s medium (DMEM) containing 2 mM L- 
glutamine, 50 wg gentamycin mL~', 100 U penicillin mL“’, 
100 wg streptomycinmL~' and 2.5 wg amphotericin 
B mL! (Sigma, Poole). 


2.1.2. Culture setup and maintenance 

Cultures were assembled in a similar manner to that 
described previously (Anderton et al., 2004). 10 mm? 3% 
agarose (Promega, Southampton) cubes (in PBS) were placed 
into the centre of each well of 6-well cell culture plates (BD 
Falcon, Oxford) containing DMEM with supplements (Sec- 
tion 2.1.1). 15 mm? sterile filter paper squares (Whatman no. 
1) were placed onto the surface of the agarose. Following 
washing, the tracheal ligament was removed and the trachea 
was sectioned into 10mm7” pieces. These pieces were 
positioned, epithelium uppermost, onto the agar plugs and 
incubated for up to 120 h at 37 °C, 5% COz and 96-99% RH. 

The viability of each trachea was assessed by measuring 
the ciliary function after 24 h in culture, using a latex bead 
clearance assay (Section 2.6). Tracheas with >25% of 
cultures failing to clear beads (score of <1) were regarded 
as non-viable and discarded. 


2.1.3. Culture contamination screening 

Individual tracheal culture pieces were screened prior 
to culture setup for respiratory viruses (by PCR) and daily 
for bacterial contaminants (by culture). Tracheal cultures 
were discarded if bacterial growth occurred within 72h 
(blood agar) or 120 h (mycoplasmas). PCR assays for the 
detection of canine adenovirus type 2 (CAV-2), canine 
herpesvirus (CHV), canine parainfluenza virus (CPIV), 
CRCoV, canine distemper virus (CDV) and Mycoplasma 
spp. were performed as previously described (Erles et al., 
2004, 2003; Frisk et al., 1999; Kobayashi et al., 1995) on 
DNA, extracted using the DNeasy Tissue Kit (Qiagen, 
Crawley) according to the manufacturer’s instructions, or 
on reverse transcribed RNA (Section 2.3). 


2.2. Tracheal culture inoculation 


For each dog, tracheal culture plates were randomly 
assigned to a particular inoculation. Tracheal cultures were 
inoculated after 24h with CRCoV isolate 4182 (2 x 10* 
TCIDs59 in 20 wL medium) (Erles et al., 2007), E. coli055:B5 
LPS (10 wg mL~') (Sigma) or medium only (incl. supple- 
ments Section 2.1.1). 


2.3. RNA extraction and reverse transcription 


Tracheal culture pieces harvested at 24h intervals 
were homogenised using a ball mill (Mixer Mill MM 300, 
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Table 1 
Primers for quantitative real-time RT-PCR. 


Primer Sequence (5/-3’) Nucleotide Product length 
positions (bp) 
CRCoV N gene? 
NF3 CCC TAC TAT TCT TGG TIT 8413-8430 140 
NR4 CGT CTG TITG TGT CTG TAC C 8552-8534 


* CRCoV nucleocapsid gene, NF3 and NR4 (GenBank accession no. DQ682406). 


Retsch, Leeds) for 4min at 20 Hz, and RNA extracted 
using the RNeasy Mini Kit (Qiagen) following the 
manufacturer’s instructions for RNA extraction from 
tissue samples. DNase digestion was performed using 
Turbo DNA-free (Ambion, Huntingdon) according to 
the manufacturer’s instructions. The quantity of 
RNA was estimated using a NanoDrop-1000 spectro- 
photometer (Nanodrop' Technologies, Wilmington, 
DE, USA). cDNA synthesis was performed as follows: 
1g of RNA was added to 1g pd(N)g Random 
Hexamer (Amersham Biosciences, Little Chalfont) 
and incubated at 70°C for 10min. cDNA was 
synthesised using the ImProm-II Reverse Transcription 
System (Promega) according to the manufacturer’s 
instructions. 


2.4. CRCoV real-time quantitative RT-PCR 


A real-time quantitative RT-PCR for the detection of 
CRCoV nucleocapsid RNA in tissue samples was developed 
and the primers are given in Table 1. A plasmid containing 
the CRCoV nucleocapsid gene target sequence was used to 
produce a dilution series from 1 x 10° to 1 x 10! copies 
wwL~'. Optimisation of this qPCR is described elsewhere 
(Mitchell et al., in press). 

Quantitative PCR was performed using 12.5 wL of SYBR 
Green JumpStart Taq ReadyMix (Sigma) containing 2.5 mM 
MgClo, 10 pmol wL~! of each primer and 1 wL of cDNA or 
plasmid in a final volume of 25 wL. Amplification was 
performed in an Opticon 2 real-time thermocycler (Bio- 
Rad, Hemel Hempstead) and cycling conditions are given 
in Table 2. cDNA samples and standards were processed in 
triplicate and a negative control and two internal controls 
(previously quantified cDNA samples) were included in 
each PCR series. 


Table 2 


2.5. Canine cytokine mRNA quantification 


2.5.1. Production of plasmid standards for real-time 
quantitative RT-PCR 

The following cytokines were selected for mRNA 
quantification in canine tracheal cultures; TNF-a, IL-6 and 
IL-8. Partial sequences of the canine cytokine genes were 
amplified by PCR using previously published primers 
(Peeters et al., 2006; Peters et al., 2005). The template 
cDNA was obtained by reverse transcription of RNA from 
canine macrophage-like (DH82) cells stimulated with LPS. 
The PCR products were cloned into pGEM-T Easy (Promega). 


2.5.2. Production of standard curves for cytokine mRNA 
quantification 

Plasmid DNA was quantitated using a NanoDrop-1000 
spectrophotometer. The DNA copy number was calculated 
using the following formula: 


copies of DNA = ; 
(DNA size, bp) x (660 x 10”) 


A 10-fold dilution series of each plasmid from 1 x 10° to 
1 x 10? copies wL~' was prepared and used as a template 
to produce a standard curve for assessment of linearity, 
dynamic range and primer efficiency. 


2.5.3. Cytokine mRNA real-time quantitative RT-PCR 

The PCR mixture included 12 wL of SYBR Green QPCR 
Master Mix reagent (Finnzymes, Espoo, Finland), 25 pmol 
of each primer and 1 pL of DNA ina final volume of 25 wL. 
The cycling conditions for each cytokine are given in 
Table 2. cDNA samples and standards were processed in 
triplicate and a negative control and two internal controls 
(previously quantified cDNA samples) were included in 
each PCR series. 


Real-time quantitative RT-PCR cycling conditions for amplification of canine cytokine mRNAs and CRCoV nucleoprotein RNA. 


Canine TNF-a Canine IL-6 Canine IL-8 CRCoV nucleoprotein 
Temp. Time Cycles Temp. Time Cycles Temp. Time Cycles Temp. Time Cycles 
(°C) ee) (°C) (°C) 
Initial denaturation 95 15 min 1 95 15min 1 95 15min 1 95 10min 1 
Denaturation 95 10s 40 95 10s 40 95 10s 40 95 10s 40 
Annealing 62.5 15s 60 15s 60 15s 53 20s 
Extension 72 30s 72 30s 72 30s 72 30s 
Non-specific product melt 79.5 15s 80 10s 75 10s 79 10s 
Final annealing 72 5 min 1 72 S5Smin 1 72 S5Smin 1 72 Smin 1 
Melting curve 70-90 02 "Gcn 1 70-90 0.2°Cs'! 1 70-90 02°Cs!' 1 65-95 02°Cs! 1 
Re-annealing 72 5 min 1 72 45min 1 72 45min 1 72 45min 1 
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2.5.4. Result analysis and quantification 

Results were analysed and quantification performed 
using standard curves produced by Opticon Monitor 
software v. 3.1 (Bio-Rad). The absolute copy number of 
the gene of interest was normalised to cDNA concentra- 
tion. 

Cytokine mRNA copies (ng cDNA ~') were presented 
as the logarithm of the fold change relative to control- 
inoculated cultures, from the same dog, at the same time 
post-inoculation. This method of analysis was adopted to 
minimise any differences in cytokine MRNA levels due to 
maintenance of the tracheas in vitro and natural 
variation in baseline levels and responses between 
different animals. Cytokine mRNA levels were also 
calculated relative to the CRCoV copy number at a given 
time point post-inoculation. Statistical analysis of the 
results of canine cytokine MRNA levels was performed 
using SPSS v. 16.0 (SPSS Inc., Chicago, USA). The 
relationship between control- and CRCoV- or LPS- 
inoculated canine tracheal cultures at a given time 
Was assessed using one-way analysis of variance 
(ANOVA) and post hoc comparisons made using the 
Bonferroni method. 


2.6. Latex bead clearance assay 


10 wL of a suspension of 1 »m diameter latex beads 
(Polybead polystyrene microsphere beads; Polysciences 
Europe, Eppelheim, Germany) was pipetted onto the 
surface of tracheal cultures daily. The beads covered the 
whole mucosa and following incubation for 30 min each 
tracheal culture was scored blind by visual inspection 
according to a scale of O-5. Zero was defined as no 
clearance and five was complete clearance of the whole 
suspension to one edge of the tracheal piece. Statistical 
analysis of the results of latex clearance was performed 
using SPSS v. 16.0. The relationship between control- and 
CRCoV- or LPS-inoculated canine tracheal cultures was 
assessed using 3-way repeated-measures analysis of 
variance (RMANOVA) and post hoc comparisons made 
using the Bonferroni method. 


2.7. Immunohistochemistry 


Paraffin-embedded formalin-fixed CRCoV-inoculated 
tracheal culture tissue sections (4 wm) were prepared on 
SuperFrost Plus microscope slides (Menzel-Glaser, 
Braunschweig, Germany). Slides were heated at 60 °C for 
1h, deparafinised and rehydrated. 

Endogenous peroxidase was blocked with 3% H2O>2 for 
10 min then washed in dH,O for 5 min. Sections were 
incubated in pre-warmed (37°C) protease XIV 0.05% 
(Sigma) in TBS for 15 min, then rinsed in dH30 (2 2 min). 
The Shandon Sequenza Coverplate System (Thermo Fisher 
Scientific, Runcorn) was used to aid slide handling and 
improve tissue preservation. Sections were incubated 
with blocking serum (2% normal goat serum [Vector 
Laboratories, Peterborough] in TBS) then undiluted 
bovine anti-BCoV polyclonal antiserum conjugated to 
fluorescein isothiocyanate (FITC) (VMRD Inc., Pullman, 
WA) overnight at 4 °C. 


Sections were washed with blocking serum and 
incubated with biotinylated goat anti-FITC antibody 
(1:300 in blocking serum, Vector Laboratories) for 1h at 
37°C. Sections were washed with blocking serum and 
incubated with Vectastain Elite ABC Reagent (Vectastain 
Elite ABC Kit, Vector Laboratories) for 30 min at room 
temperature, followed by washing in blocking serum. 
Colour development was carried out using the Vector VIP 
Substrate Kit (Vector Laboratories) for 8-10 min. Sections 
were counterstained with Methyl Green (Vector Labora- 
tories) for 4 min, dehydrated and mounted. Positive cells 
were identified microscopically by the presence of intense 
purple-brown staining. 


3. Results 


3.1. Optimisation of quantitative RT-PCR 


The majority of cytokine primers had previously been 
optimised for use with real-time qPCR on canine tissue 
samples using TaqMan real-time RT-PCR assays (Peeters 
et al., 2006; Peters et al., 2005). However for each primer 
set, linearity and efficiency of the PCR were assessed by 
analysing the correlation coefficient + slope for threshold 
cycle (C;) versus log cDNA concentration to ensure the 
accuracy of mRNA quantification using a SYBR green-based 
real-time PCR assay. 

For each primer set, linearity was confirmed using 
cDNA obtained from canine tracheal cultures and the 
plasmid DNA standard curve. High linearity was observed 
between Cy and the log;9 DNA concentration with the 
correlation coefficient (r) greater than 0.99 for all primer 
sets used. The slope of the relationship between C; and the 
logi9 CDNA or plasmid DNA concentration was used to 
determine the efficiency of the PCR reaction using the 
following equation: 
efficiency = (1071/s!P2) 

Efficiencies for each qPCR primer set are given in 
Table 3. 


3.2. Canine cytokine mRNA quantification 


26 sets of cDNA from tracheal cultures inoculated with 
CRCoV, LPS or medium-only were available for cytokine 
mRNA and CRCoV quantification. Levels of TNF-a mRNA in 
control cultures (medium only) remained constant 
throughout the time course, however levels of IL-6 and 
IL-8 mRNA increased from the time of death (—24h) toa 
peak at the time of inoculation (0h) (data not shown). 
Levels of IL-6 and IL-8 mRNA reduced at each subsequent 
24 h of the time course. 


Table 3 
Efficiency ranges for primer sets used for QPCR. 


Primer set Efficiency range 
NF3 and NR4 0.76-0.90 
CAN TNF-a1 and CAN TNF-a2 0.98-1.03 
CAN IL-6F and CAN IL-6R 1.03-1.12 
CAN IL-8F and CAN IL-8R 1.01-1.17 
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Fig. 1. Mean log; fold change in TNF-a mRNA copies in CRCoV and LPS- 
inoculated, relative to control-inoculated, tracheal cultures at 24, 48, 72 
and 96 h post-inoculation. Error bars show standard error of the mean. No 
data was available for LPS at 96 h. 


TNF-a: canine TNF-a mRNA was quantified over time 
and the analysis was performed relative to TNF-a mRNA 
levels in control (medium only) inoculated cultures. LPS- 
inoculation resulted in an elevation of TNF-a mRNA, 
relative to controls, at 24,48 and 72 h post-inoculation, the 
peak being a 2.5-fold increase, at 48h post-inoculation 
(Fig. 1). The TNF-a mRNA levels in CRCoV-inoculated 
cultures were reduced, relative to controls, at 24, 48 and 
72h. The most marked reduction was observed at 72h, 
where cytokine copies were 3.7 times lower than controls; 
however, at 96h post-inoculation, TNF-a mRNA copy 
levels were 1.5 times higher than control-inoculated 
cultures. 

IL-6 and IL-8: LPS inoculation resulted in raised cytokine 
mRNA copy numbers for both IL-6 and IL-8 and at all three 
times points (24, 48 and 72 h) post-inoculation (Figs. 2 and 
3). mRNA levels of both cytokines were elevated above 
control levels to the highest degree at 48 h(4.9- and 6.4-fold 
increase for IL-6 and IL-8, respectively). CRCoV inoculation 
resulted in the reduction of IL-6 and IL-8 mRNA levels at 24— 
72h post-inoculation. For both cytokines, this reduction 
was greatest at 72 h(6.0- and 5.7-fold decrease for IL-6 and 
IL-8, respectively). IL-6 and IL-8 mRNA levels were increased 
compared to controls at 96 h. 
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Fig. 2. Mean log;9 fold change in IL-6 mRNA copies in CRCoV and LPS- 
inoculated, relative to control-inoculated tracheal cultures at 24, 48, 72 
and 96 h post-inoculation. Error bars show standard error of the mean. No 
data was available for LPS at 96 h. 
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Fig. 3. Mean logi9 fold change in IL-8 mRNA copies in CRCoV and LPS- 
inoculated, relative to control-inoculated tracheal cultures at 24, 48, 72 
and 96 h post-inoculation. Error bars show standard error of the mean. No 
data was available for LPS at 96 h. 


There was no significance difference (p > 0.05) between 
measured cytokine MRNA levels in control or CRCoV- 
inoculated cultures at any time point. Significant differ- 
ences were obtained for LPS inoculation at 24, 48 and 72h 
(p = 0.01). 


3.3. CRCoV nucleocapsid gene RNA quantification 


The development of an accurate method for the 
quantification of CRCoV in tissue samples enabled 
nucleocapsid gene RNA to be quantified in cDNA from 
canine tracheal cultures inoculated with CRCoV. The mean 
CRCoV nucleocapsid gene copy number within tracheal 
cultures from different dogs at 24-96 h post-inoculation 
was determined (Fig. 4). In all cases, there was an overall 
increase in CRCoV nucleocapsid gene RNA copies during 
the experiment and the peak copy number was attained at 
96 h post-inoculation for each dog. However, in some dogs, 
there was a noticeable fall in copy number at 48 or 72 h, 
compared to the levels at 24h, thus the dynamics of the 
infection appeared to be different for tracheal cultures 
from different dogs. Due to this finding, cytokine mRNA 
levels were also analysed relative to CRCoV copy number, 
to control for individual variation between the tracheas 
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Fig. 4. Mean CRCoV nucleocapsid gene RNA copies (ng cDNA!) in canine 
tracheal cultures at 24, 48, 72 and 96h post-inoculation with CRCoV. 
Error bars show standard error of the mean. 
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Fig. 5. Tracheal culture latex clearance scores after 30min at 24h 
intervals, given as a percentage of the maximal clearance of each tracheal 
piece recorded pre-inoculation (0h) and recorded over 96 h. Error bars 
show standard error of the mean. 


from different dogs. The quantification of canine IL-6, IL-8 
and TNF-a mRNA copies in CRCoV-inoculated cultures was 
presented as the logarithm of the fold change relative to 
control-inoculated cultures in the same dog at the same 
time point. These data were plotted against CRCoV 
nucleocapsid RNA copies in the same cDNA sample. The 
Pearson correlation coefficient, r was determined for each 
cytokine using SPSS v. 16.0. There were weak positive 
correlations between the fold change in IL-6 (r = 0.304) and 
IL-8 (r=0.277) mRNA copies and CRCoV copies, however 
these were not considered significant (p>0.05). A 
Significant positive correlation (p=0.05) was demon- 
strated between TNF-a mRNA and CRCoV RNA copies 
(r = 0.382). Interestingly at low CRCoV RNA copy number 
(below 2.0 logs), cytokine MRNA copies appeared to be 
reduced relative to controls. 


3.4. Latex clearance assay 


The mean maximal clearance score, based on four 
individual cultures (selected arbitrarily from different 
areas of the trachea to reduce the effects of any potential 
intra-tracheal variation in ciliary function), was obtained 
after 30 min incubation immediately prior to inoculation 
(O h) and was regarded as 100%. The mean clearance scores 
at each subsequent 24 h interval, up to 120 h post-mortem, 
were calculated as a percentage relative to the original 
clearance score thus giving an overall score for each 
condition, at each time point, per dog. Assessment relative 
to the initial clearance was used to negate the inherent 
variation in ciliary function between different tracheas. 

A gradual reduction in latex clearance score was 
observed for all inoculation conditions, including the 
control, over 96h (Fig. 5). After 96h, LPS-inoculated 
cultures retained only 15.3% of their initial clearance at Oh 
and had average latex clearance scores of 30% less than the 
medium only controls. CRCoV-inoculated cultures had 
43.6% of the initial clearance remaining after 96h, 
compared with 45.3% for control-inoculated cultures. 
CRCoV-inoculated cultures had the greatest differential 
from controls at 48 h (12.6%), however by 96 h, the rate in 
decline of clearance score had slowed and essentially 
mirrored the control. 


Ciliary clearance was found to be significantly different 
between control- and LPS-inoculated cultures for the time 
period 24-96 h post-inoculation (p = 0.002). However, no 
significant difference (p>0.05) was found between 
control- and CRCoV-inoculated cultures in ciliary latex 
clearance over the same period post-inoculation. 

Assessment of latex clearance at 10 min intervals was 
used to try to detect more subtle changes in ciliary 
function, more specifically an altered rate of latex 
clearance (data not shown). Ciliary clearance was found 
to be significantly different between control- and LPS- 
inoculated cultures for the time period 10-60 min post- 
inoculation (p =0.0001). However, no significant differ- 
ence (p > 0.05) was found between control- and CRCoV- 
inoculated cultures, over the same period. 


3.5. Immunohistochemistry 


Coronaviral-antigen positive cells were detected within 
the epithelium of CRCoV-inoculated tracheal culture 
sections (Fig. 6). Positive staining was present in the 
cytoplasm of ciliated columnar epithelial and goblet cells. 
The distribution of positive cells was relatively scant, but 
widespread, often occurring as small groups of positive 
cells. Aggregates of positively stained material were 
observed on the luminal surface of the trachea and these 
were invariably located adjacent to coronaviral-antigen 
positive cells. Less frequently, coronaviral-antigen positive 
cells were surrounded by areas of vacuolation within the 
epithelium, possibly representing a cytopathic effect of the 
virus. 

Tracheas from naturally infected CIRD cases, where 
CRCoV was detected by RT-PCR, were also examined 
(Fig. 6). Intra-cytoplasmic staining of epithelial cells within 
the trachea of naturally infected dogs was in agreement 
with that observed in the CRCoV-inoculated cultures. 


4. Discussion 


In vitro models, particularly those involving the 
respiratory system, must be physiologically relevant and 
closely match the in vivo environment for the accurate 
modelling of viral pathogenesis. Many cell culture-adapted 
cell lines have either lost the ability to synthesize and 
secrete certain cytokines or else their responses to stimuli, 
such as viruses, are altered by growth in culture. The 
relevance of using isolated cell populations, removed from 
their normal context, for the study of the complex multi- 
cellular interactions of viruses in vivo is therefore greatly 
reduced. 

The global distribution and high seroprevalence of 
CRCoV suggest a virus that is contagious but has the ability 
to spread through canine populations, for the most part, 
clinically undetected. To appreciate further the role of 
CRCoV in canine respiratory disease, an in vitro model of the 
hypothesised main target tissue, the trachea, was devel- 
oped. This study represents the first use of an organ culture 
system, incorporating an air-interface, in assessment of the 
functional consequences of virus replication in dogs. 

Knowledge of the epithelial immune response is crucial 
for the further understanding of CRCoV pathogenesis. The 
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Fig. 6. Immunohistochemical staining of CRCoV-inoculated canine tracheal cultures (A-C) and naturally infected canine trachea, positive for CRCoV by RT- 
PCR (D). (A-D) Trachea—coronaviral-antigen positive epithelial cells and corresponding surface/ciliary layer antigen accumulation (arrows). Chromogen, 


Vector VIP; counterstain, methyl green. 


mRNA levels of pro-inflammatory cytokines and chemo- 
kines were therefore quantified following CRCoV inocula- 
tion. LPS was chosen as a positive control as this has 
previously been shown to be a potent inducer of innate 
immunity and the corresponding cytokine profile in 
humans (Boeuf et al., 2005) and significantly decreased 
ciliary activity in rat tracheal organ cultures (Johnson and 
Inzana, 1986). 

The cytokines selected for investigation in this study 
were chosen based on their involvement in other corona- 
virus infections. In response to LPS, MRNA levels of TNF-a, 
IL-6 and IL-8 in cultures, were significantly increased from 
24h post-inoculation, relative to controls, indicating that 
the assay was sensitive enough to detect changes in cytokine 
mRNAs within this system. Peak levels for all three cytokine 
mRNAs were detected at 48h and had declined by 72h. 
Interestingly, CRCoV appeared to suppress the MRNA levels 
of pro-inflammatory cytokines from 24 to 72h post- 
inoculation, however at 96 h the levels were raised for each 
cytokine. When correlated with actual copies of virus, it 
appeared that at lower copy number (as would be present 
during the earlier part of the time-course), there was active 
suppression of cytokine mRNA, relative to controls. How- 


ever, it seemed that once the virus copies reached a 
threshold, of 100 copies ng CDNA’, cytokine mRNA levels 
were increased relative to controls, as recorded at 96 h. It is 
conceivable that early non-structural proteins produced by 
the replicating virus may act to inhibit the induction of 
cytokine and chemokine genes. Down-regulation of IFN- 
responses by non-structural proteins is a strategy many 
viruses have evolved to remain successful pathogens (Haller 
et al., 2006). 

Recently BCoV has been shown not to induce a 
detectable pro-inflammatory response in calf intestine 
following inoculation (Aich et al., 2007). Quantitative RT- 
PCR analysis of IL-6 and TNF-a genes revealed that both 
were down-regulated following BCoV infection and the 
authors concluded that the absence of a pro-inflammatory 
response may result in a more prolonged infection. 

SARS-CoV is highly sensitive to the antiviral actions of 
IFNs, both in vitro and in vivo which may explain why the 
virus has been shown to actively suppress the activation of 
antiviral and IFN-induced effector genes via the inhibition 
of the crucial cytokine transcription factor, IRF3 (Spiegel 
et al., 2005; Spiegel and Weber, 2006). The suppression of 
the immediate early interferon response, via the absence of 
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IRF3, is now thought to be a feature of all group 2 
coronaviruses (Versteeg et al., 2007). The suppression of 
antiviral cytokines in non-immune cells by SARS-CoV is 
thought to buy time for dissemination of the virus in the 
host and a similar mechanism may be employed by CRCoV. 

All cultures, including controls, were subject to gradual 
tissue degeneration. The upregulation of pro-inflamma- 
tory cytokines would be a normal tissue response to such 
injury. Cytokine gene expression levels in human tonsil ex 
vivo cultures were similar to the levels at the time of 
excision, except IL-6 and IL-8 which were markedly 
increased following the first 24 h of culture hypothesised 
to be due to initial stress of culture (Bonanomi et al., 2003). 
In the current model the same pattern was observed for IL- 
6 and IL-8 mRNA in control cultures, whereas TNF-a mRNA 
levels remained stable. In control-inoculated cultures 
increased cytokine mRNA levels may have occurred as a 
response to maintenance in culture. The reduction in 
cytokine mRNA in CRCoV-inoculated cultures, relative to 
controls, may have been due to CRCoV actively inhibiting 
pro-inflammatory responses through an as yet unknown 
mechanism. Increased cytokine mRNAs were observed at 
96h in CRCoV-inoculated cultures. The replication of 
CRCoV within the cultures may have progressed more 
Slowly than anticipated and had the cultures been 
maintained for longer than 96 h, possible further increases 
in cytokines might have been observed. 

The use of an accurate method for the quantification of 
CRCoV in canine tissue samples was extremely useful in 
this study. Whilst the assay could not differentiate 
between live virus and simply genetic material from 
non-viable particles, steps were taken to minimise this 
risk. The washing of tracheal pieces prior to the extraction 
of RNA meant that only virus internalised within cells 
would be quantified. The assay demonstrated that the 
growth kinetics of CRCoV within this system were not 
linear. Despite the application of a uniform virus inoculum, 
differences in ciliary function and the thickness and nature 
of the mucus layer between dogs may have resulted in 
variation in the physical barrier to virus receptor binding 
and penetration of epithelial cells. Cultures from all dogs 
included in this study were subject to an increase in overall 
CRCoV nucleoprotein gene RNA copies by 96h post- 
inoculation, indicating that viral replication was occurring. 
The differences between individual tracheal cultures were 
representative of the heterogeneous in vivo situation and 
variation between dogs was minimised by the use of 
control-inoculated cultures, which acted as a baseline for 
the responses of individual tracheas. 

The presence of ciliary clearance is a key strategy for the 
removal of pathogens from the respiratory tree and ciliary 
loss is a known consequence of immersion of cultures in 
medium. A deficient ciliary clearance mechanism in the 
trachea would potentiate the invasion and colonisation of 
more serious respiratory pathogens such as Bordetella 
bronchiseptica. Cultures were shown to retain co-ordinated 
ciliary beating for up to 144 h post-mortem in this system. 
Ciliary function declined between the time of death and 
culture inoculation. However, following inoculation, the 
ciliary clearance of LPS-inoculated cultures was signifi- 
cantly reduced with respect to both the speed and extent of 


clearance of latex relative to controls. Whilst the effects of 
CRCoV on ciliary function were not found to be signifi- 
cantly different to controls, CRCoV was capable of limiting 
the ciliary function of canine tracheal epithelium at 48 h 
post-inoculation. Between 72 and 96h, the ciliary clear- 
ance of CRCoV-inoculated cultures was similar to that of 
controls, suggesting that any effects of CRCoV on the 
respiratory epithelium happen early in the course of 
infection. 

The CRCovV isolate used in the inoculation of tracheal 
cultures had been adapted to growth in a human rectal 
adenocarcinoma cell line (HRT-18 cells) (Erles et al., 2007) 
and the challenge dose of virus was the maximum titre to 
which CRCoV could be cultured. The functional responses 
observed following virus challenge may be limited as a 
consequence of a loss of virulence or replicative efficiency 
within canine respiratory cells. 

IHC revealed coronavirus antigen positive intra-cyto- 
plasmic staining of ciliated epithelial and goblet cells 
within canine tracheas of both CRCoV-inoculated cultures 
and from naturally infected cases of CIRD. Whilst the 
number of coronaviral-antigen positive cells was greater in 
experimentally inoculated tissue, the same cell types and 
distribution were observed in naturally infected tracheal 
tissue. These findings were in agreement with previous 
work which identified coronaviral-antigen positive epithe- 
lial cells within the bronchi and major bronchioles of two 
cases of CIRD (Ellis et al., 2005). The greatest accumula- 
tions of antigen-positive material were located on the 
apical aspect of cells and often in association with luminal 
aggregations overlying the tracheal surface, possibly 
representing secreted antigen, retained on the surface in 
the periciliary mucus layer. The distribution of CRCoV in 
the canine trachea mirrors that of BCoV in bovine tissues, 
where the primary sites of infection are the epithelial cells 
of the nasal cavity and trachea, leading to mild upper 
respiratory signs such as coughing, sneezing and rhinitis 
(Reynolds et al., 1985). 

The effects of CRCoV on the mucociliary and innate 
immune systems were observed within 24h of inocula- 
tion. A moderate reduction in ciliary function may be due 
to cellular damage during viral replication. During this 
time mucociliary compromise and down-regulation of 
pro-inflammatory cytokines by CRCoV may present a 
‘window’ of opportunity for the entry of other viral or 
bacterial pathogens, thus potentiating more _ serious 
respiratory disease. On its own, CRCOV may cause a 
transient potentially clinically silent, respiratory disease 
similar to the human ‘common cold’. However, challenge 
with CRCoV during entry to a re-homing kennel is often 
accompanied by the simultaneous exposure to CPIV, CHV, 
B. bronchiseptica and mycoplasmas, in addition to the 
environmental stresses that are inevitable during such an 
event. The simultaneous or sequential actions of these 
agents, primed by CRCOV, could lead to the development of 
CIRD and potentially outbreak situations. 
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